Recently, a family of novel, serine/threonine protein kinases has been identified. One of these transcriptionally inducible, immediate-early genes encodes serum/glucocorticoid inducible-protein kinase, sgk. By in situ hybridization, we show that sgk expression in the rat ovary is selectively localized to granulosa cells. In culture, FSH or forskolin, activators of the protein kinase A (PKA) pathway, rapidly (2 h) and transiently increased sgk mRNA levels in undifferentiated granulosa cells. Sgk mRNA exhibited a biphasic expression pattern, with maximal levels observed at 48 h of FSH/forskolin as granulosa cells differentiate to the preovulatory phenotype. Deletion analyses using sgk promoter-reporter constructs (؊4.0 kb to ؊35 bp) identified a region between ؊63 and ؊43 bp that mediated FSH and forskolin-responsive transcription in undifferentiated and differentiated granulosa cells. This G/C-rich region 1) conferred both basal and inducible transcription to the minimal ؊35 sgk promoter chloramphenicol acetyltransferase reporter construct, 2) specifically bound Sp1 and Sp3 present in granulosa cell extracts, and 3) bound recombinant Sp1. Mutation of 2 bp in this region not only prevented Sp1 and Sp3 binding, but also abolished the PKA-mediated transactivation observed when using the wild type construct. Sp1 and Sp3 DNA-binding activity and protein levels did not change significantly during sgk induction. Collectively, these data indicate that Sp1/Sp3 transactivation of the sgk promoter likely involves regulated, phosphorylation-dependent interaction with other factors. Thus the novel, biphasic induction of sgk that correlates with granulosa cell progression from proliferation to differentiation appears to involve sequential, coordinated actions of FSH, PKA, and transcription factors, including Sp1 and Sp3.
INTRODUCTION
Cells respond to their environment by activating cellular signaling pathways, many of which converge upon the nucleus to coordinate gene expression. A novel family of serine/threonine kinases, distinguished by their immediate-early transcriptional induciblity, has added a new dimension to our understanding of the regulation of kinase activity. Serum/glucocorticoid inducible protein kinase, sgk, a member of this family, was initially identified as a gene whose transcription was rapidly induced by glucocorticoids in rat mammary tumor cells (1) . Sgk transcription is also inducible by serum (2) and by cortical injury to the rat brain (3) . Therefore, unlike other kinases that are constitutively present in cells and are activated by post-translational mechanisms such as phosphorylation or ligand binding, sgk and its family members, serum inducible kinase, snk (4), fibroblast growth factor inducible kinase, fnk (5) , and proliferation related kinase, prk (6) , are rapidly transactivated in response to specific hormonal and environmental stimuli. The induction of these kinases requires new transcription, is independent of new protein synthesis, and is often associated with increased cellular proliferation (1, 2, (4) (5) (6) . In fact, snk was identified as a gene up-regulated in dividing cells (4) , whereas sgk is induced by serum as quies-cent fibroblasts begin to proliferate (2) . Interestingly, sgk is also transactivated during differentiation, as shown by the induction of sgk transcription in mammary tumor cells as they differentiate in response to glucocorticoids (1) . Furthermore, the highest levels of sgk transcripts have been detected in differentiated adult tissues, such as the lung, thymus, and ovary (1) . Collectively, these previously described results set sgk apart as a kinase that can be rapidly induced in cells during both proliferation and differentiation.
Sgk expression was first detected in RNA prepared from rat ovary; therefore, neither the cell types in which it was expressed nor the hormones regulating its expression were known. Our preliminary data showed that sgk was expressed in the FSH-responsive ovarian granulosa cells (7) . Therefore, we hypothesized that sgk was an attractive candidate for immediate-early transcriptional regulation by FSH, the physiological agonist of granulosa cell proliferation (8) and differentiation (9) .
FSH coordinates the development of ovarian follicles from the small antral stage to the fully differentiated preovulatory stage (9) . During this progression, FSH increases granulosa cell [ 3 H]thymidine uptake (10) while stimulating the sequential expression of several differentiation stage-specific genes (9) . For example, in undifferentiated granulosa cells FSH transiently induces cyclin D2 mRNA, itself encoding a critical regulator of granulosa cell proliferation (11) . However, FSH induction of granulosa cell differentiation-specific genes, such as aromatase cytochrome P450 (12) , cholesterol side-chain cleavage cytochrome P450 (13) , and LH receptor (14) , occurs only after 24-48 h of FSH exposure. Therefore, FSH can elicit a range of cellular responses that occur in a defined temporal sequence, involving both immediate-early and delayed effects, one of which we hypothesize is the induction of sgk.
FSH exerts its effects on granulosa cells by binding to a ligand-specific G protein-coupled membrane receptor that activates adenylyl cyclase (9, 15) . This leads to cAMP production and activation of cAMPdependent protein kinases [protein kinase A (PKA)] (16) . Activated PKA is known to phosphorylate specific transcription factors, thereby modulating their activity and regulating gene expression (16, 17) . Indeed, PKA phosphorylates cAMP-regulatory element-binding protein (CREB) (18) , enabling it to interact with other factors present in granulosa cells to induce aromatase transcription (19) . Although some of the molecular mechanisms by which FSH regulates gene expression during differentiation have been defined, less is known about genes rapidly induced by FSH and the mechanisms employed to mediate this induction, particularly in undifferentiated granulosa cells. For these reasons, and because sgk is an immediate-early gene in other tissues (1, 2) , we aimed to identify the pattern of sgk expression throughout FSH-stimulated granulosa cell development and to determine the molecular mechanisms regulating its expression.
For these studies we used a well characterized, primary granulosa cell culture system in which FSH is known to stimulate specific changes in granulosa cells that mimic the proliferation and differentiation occurring in vivo as small antral follicles become preovulatory follicles (9) . This system allowed us to directly examine the effects of FSH on the endogenous expression of the sgk gene, as well as on the expression of transgenes derived from the sgk promoter in granulosa cells at both the undifferentiated small antral and differentiated preovulatory stages. Our results show that sgk expression in undifferentiated rat granulosa cells is induced rapidly by activators of the PKA pathway, declines, and then reaches maximal levels as cells differentiate in vitro in response to FSH. We document that a G/C-rich region in the sgk promoter is essential for Sp1 and Sp3 binding. Furthermore, we show for the first time that the binding of Sp1 and/or Sp3 is critical for basal and FSH-inducible transcription of the sgk gene in both undifferentiated and differentiated granulosa cells.
RESULTS

Localization of sgk mRNA Expression in the Ovary
Although sgk mRNA was detected in the adult rat ovary (1), the localization of sgk expression within this tissue was unknown. Therefore, ovaries from adult cycling rats were prepared for in situ hybridization to identify the ovarian cell types expressing sgk. Using a radiolabeled antisense sgk riboprobe, sgk mRNA expression was detected at highest levels in preovulatory follicles rather than in interstitial tissue (Fig. 1) . In these follicles, sgk mRNA was localized preferentially to the mural granulosa cells. Low amounts of sgk mRNA were detected in the interstitial tissue and in outer thecal cells, but no sgk mRNA was detected in the oocyte or in the cumulus granulosa cells surrounding the oocyte. Use of a radiolabeled sense sgk riboprobe as a negative control confirmed the specificity of the sgk signal. The expression of sgk in the FSHresponsive preovulatory granulosa cells led us to investigate the ability of FSH to directly regulate sgk transcription in cultured granulosa cells.
Regulation of sgk mRNA and Protein Expression in Cultured Small Antral Granulosa Cells
To investigate the ability of FSH to regulate sgk expression, we analyzed FSH-responsive changes in sgk mRNA and protein levels. Total RNA was isolated from primary granulosa cell cultures after 0, 1, 2, 4, 6, 12, or 48 h of treatment with FSH and testosterone (T) and was examined by Northern analysis. T was used to maintain optimal FSH responsiveness of granulosa cell cultures (20) . In granulosa cells cultured overnight in the absence of hormone, sgk mRNA levels were very low ( Fig. 2A) . Addition of FSH/T stimulated a rapid increase in sgk mRNA that reached a peak at 2 h and then declined by 6 h. Although all time points examined are not shown in this representative Northern blot, sgk mRNA levels gradually increased between 12 and 48 h of FSH/T. The maximal expression of sgk at 48 h of FSH/T coincides with granulosa cell differentiation to the preovulatory phenotype in vitro; as is demonstrated by the concurrent expression of another preovulatory granulosa cell-specific gene, aromatase (21) . Forskolin, a PKA agonist that directly activates adenylyl cyclase, yields an identical, although more robust, pattern of sgk mRNA induction (data not shown).
To determine whether the induction of sgk mRNA by FSH or forskolin resulted in a corresponding increase in cellular Sgk protein content, soluble cell extracts were examined by Western blot analysis using a polyclonal Sgk antibody. Recombinant Sgk protein (M r ϭ 55,000) was used as a positive control (Fig. 2B) . Low amounts of immunoreactive Sgk protein were present in granulosa cells cultured overnight in the absence of serum and hormones. Addition of forskolin caused an increase in two immunoreactive bands by 6 h. The large protein corresponds to full-length Sgk protein, whereas the other may represent a partially degraded form of the kinase or a closely related Sgk-like protein. The highest amounts of Sgk protein were observed at 48 h after the addition of forskolin. FSH/T caused a pattern of Sgk induction similar to that seen with forskolin, but with lower levels at earlier time points. However, after 48 h of FSH/T, Sgk protein levels were high and equivalent to those detected with 48 h of forskolin. Thus, the time course and magnitude of Sgk protein expression paralleled the biphasic induction of sgk mRNA by FSH or forskolin.
The biphasic induction of sgk mRNA and protein appears to require the sustained activation of the PKA pathway. First, FSH alone can induce sgk, whereas T alone does not (data not shown). Second, FSH, a known activator of the PKA pathway, causes a rapid and exponential increase in granulosa cell cAMP levels (69 pmol/ml) at 2 h (Fig. 2C) . Although cAMP levels decline by 48 h of FSH/T, the cAMP concentration (15 pmol/ml) remained approximately 30-fold higher than that in untreated cells (0.5 pmol/ml). Third, the forskolin-induced pattern of sgk mRNA expression is identical to that seen using FSH/T (data not shown). Therefore, sgk transcription is inducible by activation of the PKA pathway with an immediate early peak at 2 h and a secondary maximal peak as granulosa cells differentiate.
Translation-Independent Induction of sgk mRNA
To determine whether the FSH induction of sgk mRNA in granulosa cells was a transcriptionally mediated response, as has been previously shown in other cell types (2), granulosa cells were cultured in the presence of cycloheximide (CHX), an inhibitor of protein synthesis, or ␣-amanitin, a transcriptional inhibitor. To assay the immediate-early response, undifferentiated granulosa cells were treated with CHX and/or FSH/T for 2 h. The FSH/T induction of sgk mRNA was not blocked by the presence of CHX, indicating that de novo protein synthesis is not required for sgk transcription at 2 h (Fig. 3) . When CHX was added alone to the cultures, sgk mRNA increased over basal levels, demonstrating that steady-state levels of sgk mRNA are susceptible to a CHX-sensitive step (22) . Importantly, in the same time interval, ␣-amanitin blocked FSH/T induction of sgk mRNA. Together, these data show that the FSHresponsive increase in sgk mRNA levels in undifferentiated granulosa cells is immediate-early and transcriptionally dependent.
To assess the transcriptional inducibility of sgk mRNA in differentiated granulosa cells, CHX or ␣-amanitin was added to granulosa cells that had been cultured for 41 h with FSH/T (Fig. 3) . RNA was The top two panels are bright-field photographs of hematoxylin-and eosin-stained ovarian tissue sections acquired from adult cycling rats. Dark-field photographs of the same region reveal staining resulting from in situ hybridization using antisense sgk riboprobe (lower left) or sense sgk riboprobe (lower right). Dark-field photos were exposed using identical conditions. The majority of the specific staining localizes to the granulosa cells in the preovulatory follicle.
harvested after 41 or 48 h of treatment and examined by Northern analysis. Although a 7-h exposure to ␣-amanitin caused a loss of sgk mRNA, CHX had no effect. These data suggest that transcriptional induction resulting in the secondary peak of sgk mRNA in differentiating granulosa cells is independent of new protein synthesis.
Seventy Eight Base Pairs of the sgk Promoter Contain cis-Acting DNA Elements Critical for Inducible Transcription
To identify regions of the sgk promoter that mediate the FSH induction of sgk transcription in granulosa cells, vectors containing Ϫ4000, Ϫ1500, Ϫ360, Ϫ78, Granulosa cells plated on serum-coated dishes were cultured overnight in hormone-free medium. At that time (t ϭ 0), FSH/T or forskolin was added and RNA (A), protein (B), or media (C) was harvested at the indicated times. A, Twenty micrograms of RNA were examined by Northern blot analysis using an sgk cDNA as the labeled probe (upper panel). Acridine orange staining was used to visualize 28S and 18S RNA (lower panel). B, Soluble cell protein (100 g) isolated from cultured granulosa cells was examined by Western blot analysis with an Sgk antibody. Recombinant Sgk protein in bacterial extracts (Sgk extract, 55 kDa) was used as a positive control. C, cAMP concentrations in media of FSH/T-stimulated granulosa cells were analyzed by RIA. or Ϫ35 bp of the sgk promoter ligated to the chloramphenicol acetyltranscriptase (CAT) reporter gene were transfected into granulosa cells that had been cultured overnight in the absence of serum and hormone (Fig.  4) . After a 4-h transfection, the cells were stimulated with forskolin for 6 h or were left untreated. Forskolin increased CAT activity of the transfected Ϫ4000 sgk-CAT, Ϫ1500 sgk-CAT, Ϫ360 sgk-CAT, and Ϫ78 sgk-CAT vectors by 4-fold, 5-fold, 3-fold, and 7-fold, respectively, compared with levels in untreated cells. The shortest deletion construct containing only minimal promoter elements, Ϫ35 sgk-CAT, was not forskolin inducible. Similar results were observed when FSH/T, rather than forskolin, was added to the transfected cells (data not shown). The Ϫ78 sgk-CAT construct also exhibited forskolin-responsive transcription when examined in differentiated granulosa cells (cells treated with 37 h FSH/T followed by transfection and 6 h forskolin stimulation) (Fig. 8B) . Thus, the region between Ϫ78 and Ϫ35 bp of the sgk promoter was sufficient and necessary to confer transcriptional inducibility to the reporter gene at both the immediateearly (2 h) and the late (48 h) phases of sgk transcription.
Specific Binding of Protein Complexes to ؊78/ ؊35 of the sgk Promoter
The transcriptionally active region from Ϫ78 to Ϫ35 bp of the sgk promoter contains several transcription factor consensus-binding sites. An Sp1 site and an AP-2 site are upstream of another G/C-rich region, referred to here as the G/C box. The G/C box itself contains three overlapping Sp1 sites and an additional AP-2 site (Fig. 5A ). Because these consensus sequences potentially bind AP-2 and multiple members of the Sp1 family, several proteins are candidate enhancers of sgk transcription. To determine whether the Ϫ78/Ϫ35 region of the sgk promoter did, indeed, bind specific proteins, oligonucleotides corresponding to various fragments of this region were constructed for use in electrophoretic mobility shift assays (EMSAs). When the Ϫ78/Ϫ35 bp oligonucleotide spanning the entire functional region was used as a radiolabeled probe, four major protein/DNA complexes were formed in the presence of granulosa whole cell extracts (Fig. 5B ). These complexes (I, II, III, IV) were specifically competed by 100-fold excess of unlabeled Ϫ78/Ϫ35 selfcompetitor DNA. When unlabeled oligonucleotides spanning a 3Ј-region (Ϫ55/Ϫ35 bp), a 5Ј-region (Ϫ78/ Ϫ50 bp), or the central region (Ϫ63/Ϫ43 bp) of the Ϫ78/Ϫ35 oligonucleotide were used as competitors, only the central (Ϫ63/Ϫ43 bp) oligonucleotide effectively competed for all complexes. Although oligonucleotides corresponding to the 3Ј-region (Ϫ55/Ϫ35 bp) and 5Ј-region (Ϫ78/Ϫ50 bp) of the sgk promoter could partially compete for binding of complex III and completely compete for binding of complex IV, we focused on the central region (Ϫ63/Ϫ43 bp) as it was the only oligonucleotide that formed all four specific protein/DNA complexes with granulosa whole cell extracts when it was used as a labeled probe (Fig. 5C ).
To assess the role of the G/C box in protein/DNA complex formation, another Ϫ63/Ϫ43 oligonucleotide was synthesized with the CC at position 48/Ϫ47 bp mutated to AA. When EMSAs were performed using the wild type Ϫ63/Ϫ43 oligonucleotide as the labeled probe with granulosa cell extracts, complexes I-IV were formed and were competed by excess self-competitor DNA (Fig. 5C ). The mutated Ϫ63/Ϫ43 oligonucleotide failed to compete for the binding of protein in the major complexes I and II. However, the mutant oligonucleotide did compete partially for complex III or completely for complex IV. When this mutated Ϫ63/ Ϫ43 oligonucleotide was used as a labeled probe, complexes I and II were not formed. Complexes III and IV were detected, but at levels lower than those detected using the wild type probe. These results showed that the formation of two major, specific protein/DNA complexes (I and II) critically depend upon an intact G/C box with its overlapping Sp1 and AP-2 sites for binding.
Identification of Protein/DNA Complexes
To determine whether either AP-2 protein or Sp1 protein family members bound the Ϫ63/Ϫ43 region of the sgk promoter, AP-2 and Sp1 consensus sequence oligonucleotides and antibodies were used in additional EMSAs. While the labeled Ϫ63/Ϫ43 oligonucleotide formed complexes I-IV that were competed by 100-fold excess unlabeled self-competitor DNA, these complexes were not competed by the same amount of an AP-2 consensus oligonucleotide. Nor did the addition of anti-AP-2 polyclonal antibody supershift or diminish the formation of these complexes. Based on these results, we conclude that AP-2 is not a major factor in granulosa cell extracts binding to this region of the sgk promoter (data not shown).
In contrast, use of the Sp1 consensus binding sites, antibodies, and recombinant protein in EMSAs suggest that the consensus Sp1-binding sites in the G/C box bind Sp1 present in granulosa cell extracts. Again, complexes I-IV were formed with labeled Ϫ63/Ϫ43 bp probe and were competed with unlabeled wild type Ϫ63/Ϫ43 oligonucleotide (Fig. 6A, lanes 2 and 3) . Sp1 competitor DNA effectively competed for the binding of complexes I and II (lane 5) compared with the mutant Ϫ63/Ϫ43 oligonucleotide (lane 4). Incubation of the Ϫ63/Ϫ43 probe with recombinant Sp1 protein resulted in the formation of a protein/DNA complex with the same mobility as complex I (Fig. 6A, lane 6 ). This Sp1 complex was competed by excess self (lane 7) but not mutant oligonucleotides (lane 8) and was competed by Sp1 competitor DNA (lane 9). This specific Sp1 complex was completely supershifted upon incubation with a polyclonal Sp1 antibody (lane 10).
With the specificity of the Sp1 antibody confirmed, the antibody was then used in EMSAs with granulosa cell extracts to more specifically determine the identity of complex I. When incubated with the Ϫ63/Ϫ43 sgk probe in the presence of granulosa cell extracts, the Sp1 antibody decreased the formation of complex I and formed a supershifted band (Fig. 5B, lane 3) that was not detected upon incubation of the probe with antibody alone (Fig. 5A, lane 11) . As has been shown previously, this antibody causes a partial supershift with cell extracts, most likely because the peptide region used to generate the antibody can be post- Whole cell extracts (WCE) used in all EMSAs were prepared from granulosa cells cultured overnight in hormone-free media before 1 h exposure to FSH unless otherwise indicated. A, A schematic of oligonucleotides spanning the sgk promoter identifies the consensus transcription factor-binding sites within the transcriptionally active region and the oligonucleotides used in EMSA analysis that span each region. B, Complexes (I-IV) formed with WCE incubated with the Ϫ78/Ϫ35 bp sgk oligonucleotide probe. Oligonucleotides corresponding to Ϫ78/Ϫ35, Ϫ78/Ϫ50, Ϫ55/Ϫ35, and Ϫ63/Ϫ43 bp of the sgk promoter were used as competitor DNA. C, Wild type or mutant Ϫ63/Ϫ43 bp sgk oligonucleotides were used as probes or unlabeled competitor DNA with WCE to assess the role of the G/C box. translationally modified in vivo (23) . Therefore, protein/ DNA complex I formed between the G/C box of the sgk promoter and granulosa cell whole cell extracts contains Sp1.
Similarly, to determine the identity of complex II, which was also competed by Sp1 consensus oligonucleotides, antibodies against another Sp1 family member, Sp3 (24), were used for supershift analysis. The Sp3 antibody specifically decreased the formation of complex II (Fig. 5B, lane 4) 
Sp1 Sites Mediate FSH-Stimulated Transcription
To determine whether Sp1 sites were able to mediate an FSH-responsive induction independently of the sgk promoter context, we transfected a construct containing six Sp1 sites upstream of a basal promoter and luciferase reporter, pGAGC6 (25) , into primary undifferentiated granulosa cells that had been cultured overnight in serum and hormone-free conditions. As a control, the same vector without the Sp1 sites, pGAM (25) , was transfected into identical granulosa cell cultures. The pGAGC6 transgene exhibited much higher levels of basal transcription (30-fold) than the pGAM construct alone (Fig. 7) . In addition, the pGAGC6 construct showed a modest, but significant induction (2-fold) in response to a 6-h treatment with FSH/T. The results indicate Sp1-binding sites can confer basal and hormone-responsive transcription in granulosa cells.
The G/C Box Regulates Transcription of the sgk Promoter
To determine whether the Sp1 sites within the G/C box of the sgk promoter could also mediate basal and hormone-induced transactivation, both Ϫ63/Ϫ43 wild type and mutant oligonucleotides were cloned into the minimal Ϫ35 sgk-CAT construct (Fig. 8A) . Basal and inducible activities of these constructs were compared with the Ϫ78 sgk-CAT and Ϫ35 sgk-CAT constructs. As shown above, the Ϫ35 sgk-CAT has minimal basal activity and no FSH-inducible transcription when transfected into primary undifferentiated granulosa cell cultures. Basal transcription from the Ϫ78 sgk-CAT and Ϫ63 sgk-CAT constructs was greater than basal transcription seen with Ϫ35 sgk-CAT. Furthermore, FSH induced transactivation from Ϫ78 sgk-CAT and Ϫ63 sgk-CAT by 3-fold or 2-fold, respectively, over basal levels. When the G/C box was mutated in the Ϫ63 sgk-CAT construct, basal levels were low and did not differ from those seen with the minimal promoter Ϫ35 sgk-CAT construct. Additionally, FSH induction was lost in the mutated construct. These results were identical, but even more dramatic, when differentiated granulosa cells were transfected after 37 h of FSH/T exposure, before a 6-h stimulation with forskolin (Fig. 8B) . Therefore, the presence of an intact G/C box with its overlapping Sp1-binding sites is sufficient for basal transcription of the sgk promoter and can mediate an FSH-responsive induction at both early and late stages of granulosa cell differentiation.
Regulation of Sp1 and Sp3 Levels and Binding Activity
Because Sp1 and/or Sp3 binding are required for sgk transactivation, we examined Sp1-and Sp3-binding activity and protein levels throughout the 48-h FSH treatment period in which granulosa cell sgk mRNA levels are biphasically induced. Granulosa cell whole cell extracts were isolated after 0, 2, 12, 24, or 48 h exposure to FSH/T and were then used in EMSA and Western analysis. Incubation of these extracts with a radiolabeled Ϫ63/Ϫ43 wild type sgk probe revealed no change in the binding of complex I (Sp1) or complex II (Sp3) during this time (Fig. 9A) . Likewise, repeated Western analyses of these same extracts with antibodies against Sp1 (Fig. 9B) and Sp3 (Fig. 9C) , revealed no significant changes in either Sp1 or Sp3 protein levels. Although Sp1 protein levels in the granulosa cells did not change, we show that the levels of the previously described Sp1 doublet (105 kDa and 95 kDa) (26) are high in ovarian extracts and are comparable to levels in extracts of lung and thymus, two tissues previously reported to express the highest lev- els of Sp1 (27) (Fig. 9D) . No Sp1 protein was detectable in extracts from low Sp1-expressing tissues, muscle, and kidney (27) . These data collectively suggest a role for a coactivating factor or posttranslational modification that regulates the transactivating potential of Sp1 and/or Sp3 in FSH-stimulated granulosa cells.
DISCUSSION
This report provides the first evidence that sgk, a member of a class of novel, transcriptionally inducible kinases, is expressed in granulosa cells of the rat ovary, in vivo and in vitro. Furthermore, we have shown that sgk transcription is regulated in these cells by FSH in a biphasic pattern. The two phases of sgk mRNA and protein induction correlate with distinct FSH-regulated events in granulosa cell maturation, proliferation, and differentiation. The rapid (2 h) and transient induction of sgk by FSH is coincident with the FSH stimulation of events regulating granulosa cell proliferation as is detected by intense labeling of cells with [ 3 H]thymidine (10), BrDU staining (28) , and FSH induction of cyclin D2 mRNA (11) . Cyclin D2 is a cell cycle regulator that has recently been shown to be obliga- tory for granulosa cell proliferation as mice null for cyclin D2 have a dramatically reduced number of granulosa cells (11) . Sgk is also rapidly induced by serum in fibroblasts as they enter the cell cycle from quiescence (2) . Collectively, these data suggest that the FSH-induced immediate-early expression of sgk mRNA in granulosa cells is coincident with important cell cycle events. The secondary induction of sgk occurs as granulosa cells differentiate. Maximal levels of sgk mRNA are detected after 48 h of FSH/T in vitro or in preovulatory follicles in vivo. Not only are granulosa cells at this stage very different from those in small antral follicles, but they are also different from one another. For example, granulosa cells adjacent to the antrum of the follicle are still proliferative at this time (29) . However, mural granulosa cells adjacent to the follicle basement membrane are the first to cease cell division and to express markers of terminal granulosa cell differentiation such as the LH receptor (30) . Interestingly, in situ hybridization at this time reveals a gradient of sgk expression, with the highest levels seen in the most differentiated, nonproliferative mural granulosa cells. Therefore, the highly FSH-responsive transcriptional induction of sgk occurs in two phases, one of which coincides with granulosa cell proliferation and the other with granulosa cell differentiation, suggesting multiple functions of sgk in cell proliferation and differentiation.
Although the immediate-early transient induction of sgk transcription has been well defined in both proliferating and differentiating cell types in response to agonists such as serum, glucocorticoids, or brain injury (1-3), this is the first report of a biphasic pattern of gene expression in the ovary and of sgk in particular. Interestingly, both phases of sgk induction in granulosa cells by FSH or forskolin appear to depend upon the activation of the protein kinase A pathway and are sensitive to ␣-amanitin but not to CHX, implicating transcriptional control in the regulation of granulosa cell sgk levels.
Unlike the sgk gene, which exhibits both rapid and delayed responses to FSH, genes such as aromatase are induced by FSH only after more extended granulosa cell differentiation (21) . This brings up the interesting problem of what differs between the undifferentiated granulosa cell and the differentiated preovulatory granulosa cell that enables them to respond uniquely to the same signal. We have recently shown that CREB, a PKA-activated transcription factor, is phosphorylated in a biphasic manner in response to FSH or forskolin (19) . Phospho-CREB is detected at 2 h, decreases are detected at 6 h, and then maximal levels are reached between 24 and 48 h of FSH treatment (19) . This pattern mimics the distinctive pattern of FSH-induced sgk transcription. Although the sgk promoter has no detectable CRE, and we have detected no role for CREB in sgk transactivation, these data suggest that the phosphorylation and regulation of other nuclear transcription factors and coactivators by PKA may also be oscillatory and obligatory for maintaining transcription.
To determine the mechanisms employed by FSH to regulate gene expression during granulosa cell differentiation, we investigated the functional promoter regions of the sgk gene at both early and late stages of granulosa cell differentiation. Deletion and mutation analyses of the sgk promoter showed that a region between Ϫ63 and Ϫ43 bp conferred FSH activation of reporter genes at 6 h and forskolin mediated activation at 48 h. Based on several approaches, our results indicate that Sp1 and Sp3 are transcription factors that contribute to the biphasic regulation of sgk by the PKA pathway in granulosa cells. First, the G/C-rich box within the transcriptionally active Ϫ63/Ϫ43 region contains overlapping consensus binding sites for Sp1 family members that bind multiple proteins present in granulosa cell extracts. Second, EMSAs showed that Sp1 consensus oligonucleotides competed for the binding of granulosa cell proteins to the Ϫ63/Ϫ43 oligonucleotide, that recombinant Sp1 bound to this same probe and formed a complex of similar mobility as complex I, and that an Sp1 antibody supershifted the Sp1/DNA complex. Complex II, also specifically competed by the Sp1 family consensus binding sites, was supershifted in the presence of Sp3 antibody. Furthermore, mutation of the Sp1-binding sites within the G/C box abolished the formation of both complexes I and II. Transfection experiments documented that a transgene containing six concatamers of Sp1-binding sites ligated to a heterologous minimal promoter conferred high basal and FSH-stimulated activity in granulosa cells. Most importantly, when the mutant Ϫ63 sgk-CAT vector lacking Sp1-and Sp3-binding activity was transfected into granulosa cells, the basal and hormoneinduced expression observed with the wild type Ϫ63 sgk-CAT transgene was abolished. Although AP-2 sites were present in this region of the promoter, no evidence of binding or functional activity was observed. Based on these observations, we conclude that Sp1 and Sp3 bind to the G/C-rich cis-acting DNA element of the sgk promoter and, independently or coordinately, function as enhancers to enable FSH/PKA-mediated transcription of the sgk gene.
Sp1 has been traditionally characterized as a ubiquitous regulator of basal promoter activity, partly because of its critical role in transcription from TATA-less promoters (31) . Sp3 is an Sp1 family member previously demonstrated to antagonize Sp1 activity by competing for Sp1 binding sites (24) . Sp3 has also been demonstrated to activate transcription (32). The results described herein and those of others (25, (33) (34) (35) (36) (37) indicate that Sp1 and/or Sp3 can also function as enhancers, enabling hormone-inducible transcription from TATA box-containing promoters. For example, in other cell systems, putative functional Sp1-binding sites have been reported in several genes that exhibit regulated expression similar to the secondary induction of sgk in differentiated granulosa cells. Bovine cholesterol side-chain cleavage cytochrome P450 (33) (34) (35) , the LH receptor (36) , and the rat progesterone receptor (37) require Sp1 and/or its binding sites for PKA-mediated induction. CIP1, a cyclin-dependent kinase inhibitor that is expressed in rat luteal cells (R. L. Robker and J. S. Richards, unpublished observations) requires Sp1 for a protein kinase C-mediated induction (25) . The results presented herein extend these observations and provide the first evidence that Sp1 and/or Sp3 binding to a G/C-rich cis-acting DNA element mediates the biphasic FSH induction of a specific gene, sgk, in granulosa cells.
The known mechanisms by which Sp1 family members can mediate hormone-regulated expression of genes are complex. Regulation of Sp1 binding by phosphorylation (38) , by the Sp1-Inhibitor (Sp1-I) (39) (40) (41) (42) , or by competition for binding sites with the repressor, Sp3 (43) , can also control Sp1 activity. Tissue-specific regulation of Sp1 protein levels may also be critical. For example, the tissues that express the highest levels of Sp1, ovary, lung, and thymus ( Fig. 9C ) (27) , also express the highest levels of sgk (1). However, the lack of significant detectable changes in Sp1 and Sp3 protein levels or binding activity during the course of sgk induction suggests that the functional activation of these factors depends upon a posttranslational change in Sp1 or Sp3 or a regulated interaction with other factors (44) . Some of the factors with which Sp1 is known to interact include SF-1, p53, Stat 1, GATA-1, AP-1, NFKB, and estrogen receptor (35, (45) (46) (47) (48) (49) (50) . The sgk promoter does contain a functional p53 site at Ϫ1380/Ϫ1345 bp, as well as a glucocorticoid response element at Ϫ1.0 kb, both of which have been shown to be functional in other cells (1, 51, 52 ). However, to our knowledge, p53 and Sp1 interactions have thus far been reported only when the binding sites are in close proximity (45) . Furthermore, although the functional importance of p53 and GR in transactivation has been clearly demonstrated in other systems, deletion of these upstream regions did not decrease or modify the expression of sgk transgenes by FSH in granulosa cells. Although no consensus sequences for factors known to interact with Sp1 have been identified in the Ϫ63/Ϫ43 region, the additional factor or cofactor may bind directly to Sp1 or Sp3 instead of to the DNA. In fact, because both GR and p53 can impact transcription in the absence of their own consensus sequence binding sites (53, 52) , these factors could potentially interact with Sp1 and/or Sp3 in trans. Based on the biphasic pattern of CREB phosphorylation, we propose PKA mediates a biphasic change in Sp1/Sp3 activity directly or indirectly, thereby resulting in the biphasic induction pattern of sgk transcription.
MATERIALS AND METHODS
Materials
Ovine FSH was provided by the National Hormone and Pituitary Program (Baltimore, MD). T was obtained from Ster- 
Methods
Primary Granulosa Cell Culture Holtzman Sprague Dawley immature female rats (Harlan, Indianapolis, IN) delivered on day 23 of age were injected subcutaneously with 1.5 mg 17␤-estradiol once daily on days 24, 25, and 26 of age. Animals were treated in accordance with the principles and procedures outlined in the "Guidelines for Care and Use of Experimental Animals." Ovaries were isolated from rats on day 27 for the harvest of granulosa cells exhibiting a small antral phenotype as previously described (54) . Briefly, cells were isolated from the ovaries by needle puncture (22 gauge) into media containing DMEM, F12, 30 mM NaHCO 3 , 20 mM HEPES, and 100 IU/ml penicillin-streptomycin. Granulosa cells were treated with 20 g/ml trypsin, 300 g/ml soybean trypsin inhibitor, and 160 g/ml deoxyribonuclease I to remove dead cells. After the cells were washed twice in DMEM-F12, they were plated on serum-coated, six-well culture dishes in 3 ml of media. Cells were incubated in 95% air, 5% CO 2 at 37 C. To allow efficient attachment of cells before initiation of treatments, cells were incubated overnight in hormone and serum-free medium unless indicated otherwise. The following morning (16 h later), FSH (50 ng/ml), T (10 ng/ml), or forskolin (10 M) were added for the preparation of RNA, protein, or cell extracts for EMSAs. Where indicated, CHX (10 g/ml) or ␣-amanitin (30 g/ml) were added either 30 min before hormone addition or after 41 h of culture with FSH/T to inhibit protein and RNA synthesis, respectively. Similar granulosa cell cultures were processed for transient transfections.
In Situ Hybridization Ovaries isolated from adult cycling rats were fixed in 4% paraformaldehyde in PBS (80 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , 100 mM NaCl) overnight at 4 C before dehydration and paraffin embedding. Sections (6 m) were baked at 42 C overnight onto 3-amino propyltriethoxysilane-coated slides. Slides were prehybridized, hybridized, washed, exposed, and developed as previously described (55) . The 35 S-labeled sense and antisense riboprobes were produced by transcription from the T3 and T7 promoters, respectively, on the NheI-digested pBS-sgk vector as previously described (55) . RNA Isolation and Northern Analysis RNA was isolated as previously described (56) from granulosa cell cultures using buffer containing 1% Nonidet P-40, followed by phenol/chloroform extraction, ethanol precipitation, resuspension in water previously treated with diethyl pyrocarbonate, and quantification by absorbance at 260 nm. For Northern analysis, RNA samples (20 g ) were denatured at 55 C for 15 min in 45% formamide-5.4% formaldehyde and resolved by electrophoresis on formaldehyde-agarose gels at room temperature. Acridine orange staining allowed assessment of RNA ladder migration and confirmation of equal sample loading by the UV intensity of 28 S and 18 S ribosomal RNA bands. After the RNA was transferred to a nylon membrane, the blot was baked for 1 h at 80 C, prehybridized, and hybridized with 1 ϫ 10 6 cpm/ml sgk cDNA probe (1). Blots were washed according to ICN specifications and exposed to x-ray film at Ϫ70 C. All results were quantified using a Betascope analyzer. The sgk cDNA probe was labeled as previously described using a random primers and [␣-
32 P]dCTP (57) .
Protein Preparation and Western Analysis
Granulosa cells cultured in FSH/T or forskolin were harvested at selected times and homogenized to prepare soluble cell extracts as previously described (58) . Extracts of lung, muscle, thymus, and kidney tissues were prepared similarly. Protein was measured using a 1:5 dilution of Bradford reagent in microtiter plates for colorimetric detection at 590 nm (59) . Cell extracts were stored at Ϫ70 C until Western analyses were performed. Protein samples (100 g) were denatured for 10 min at 100 C in 5ϫ SDS loading dye (60) . Onedimensional SDS-PAGE with 4.5% stacking and 10% separating acrylamide gels was used to resolve proteins. Proteins were transferred to 0.45-m nitrocellulose membranes at 50 V for 4 h in 125 mM Tris-Base, 100 mM glycine, and then blocked for 1 h in PBS (80 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , 100 mM NaCl, pH 7.5), containing 5% milk, 0.1% Tween-20. After one 20-min incubation in wash solution (1% milk in PBS and 0.1% Tween-20), filters were incubated 1 h with appropriate dilutions of Sgk antibody (1:10,000), Sp1 antibody (1:1000), or Sp3 antibody (1:1000). After three washes (10 min each), blots probed for Sgk or Sp1 proteins were incubated with 1:10,000 anti-rabbit-horseradish peroxidase, washed as before, and detected using the enhanced chemiluminesence assay system. Other blots probed for Sp1 and Sp3 protein were incubated with 125 I-labeled protein A (1:1000) for 3 h at room temperature, washed, and exposed to film. Recombinant Sgk or Sp1 proteins were run as positive controls. Production of Polyclonal anti-Sgk Antibodies Sgk cDNA with an in-frame hemagglutinin epitope tag sequence on the 5Ј-end of the gene was inserted into a T7 promoter-driven pET vector and expressed in HMS174 Escherichia coli. Isopropyl ␤-D thiogalactopyranoside induction and activation of the T7 promoter in a 2-liter bacterial culture produced a major protein at 55 kDa protein that was absent in a nontransformed culture. The bacterial extract was fractionated by preparative SDS-PAGE from which Sgk protein was excised by solidifying the Sgk-polyacrylamide slice at 200 C and grinding it into a powder. The rabbit Sgk polyclonal antibodies were produced by Babco Berkeley Antibody Company (Richmond, CA). Briefly, preimmune serum samples were drawn before antigen injection. Rabbits were initially immunized with 500 g of E. coli-produced Sgk antigen in complete Freund's adjuvant. Twenty-one days later, the animals were reinjected with 250 g Sgk in incomplete Freund's adjuvant, and booster shots of 250 g Sgk were given on days 42, 63, and 84. On day 94, final serum was collected and tested by Western blots of fractionated Con8 rat mammary tumor cell extracts, which is the cell line from which sgk was originally cloned. A 1:10,000 dilution of the polyclonal antiSgk antibody specifically recognized the 55-kDa Sgk protein. cAMP RIA cAMP was measured in media from granulosa cell cultures by RIA as previously described (61) . Data were analyzed using the Assay Zap computer program (Biosoft, Cambridge, U.K.) and expressed as mean Ϯ SEM. Transient Transfections and CAT Assays Plasmid DNA was purified by alkaline lysis and centrifugation on two cesium chloride gradients as described (62) . Using calcium phosphate precipitation, a total of 20 g of plasmid DNA were transfected, as previously described (63) , into primary granulosa cell cultures at two distinct culture periods. To assay regulatory elements involved in the immediate-early induction of sgk, granulosa cells were cultured overnight (16 h) in serum and hormone-free conditions before transfection. To assay the elements involved in sgk induction in differentiated granulosa cells, cells were immediately cultured in the presence of FSH/T for 37 h before the 4-h transfection. Cells were then washed and treated with forskolin for 6 h, resulting in a cumulative culture period of 48 h, at which time granulosa cells express maximal levels of sgk. Briefly, to make precipitates, a mixture of plasmid DNAs, CaCl 2 , and water was added dropwise in 150-l aliquots to an equal volume of HEPES-buffered saline (283 mM NaCl, 50 mM HEPES, 1.5 mM NaH 2 PO 4 , pH 7.05). After a 30-min incubation, 300 l of the resulting precipitate were added to each well of cells. Four hours later, cells were gently washed (2ϫ) with HBSS without calcium or magnesium before addition of fresh DMEM-F12. At this time, FSH/T or forskolin was added to the medium for 6-h incubations. After the incubation, cells were harvested. For CAT assays (64), cells were lysed by repeated freeze/ thaw cycles. CAT activity was measured using 15 g of the resulting total protein, 0.05 Ci of [ 14 C]chloramphenicol, and 10 mM acetyl coenzyme A and incubated for 2 h (Fig. 4 ) or 7 h (Fig. 8 ) at 37 C. Extracted chloramphenicol was analyzed by TLC. Data were quantified with a Betascope analyzer. Luciferase activity was assayed as previously described (65) .
Construct Generation
Sgk-CAT reporter plasmids (Ϫ4000 sgk-CAT, Ϫ1500 sgk-CAT, and Ϫ360 sgk-CAT) contained Ϫ4 to ϩ0.051 kb (and deletions thereof) of the rat sgk promoter sequence linked to the coding region of bacterial CAT gene in the vector pBLCAT3 as previously described (2, 51) . The Ϫ78 sgk-CAT construct was generated from Ϫ360 sgk-CAT by digestion with ApaI at Ϫ0.078 kb of the promoter and with PstI in the vector multiple-cloning cassette. The incompatible ends were filled in and then blunt-end ligated. The Ϫ35 sgk-CAT construct was created by ligating an oligonucleotide corresponding to Ϫ35 to ϩ40 bp of the sgk promoter into XbaI and SalI sites of the pCAT-Basic multiplecloning cassette. Oligonucleotides corresponding to Ϫ63 to Ϫ43 bp of the sgk promoter with SalI and HindIII restriction sites (sequence detailed below) were cloned into the Ϫ35 sgk-CAT construct to create the Ϫ63 wild type and mutant sgk-CAT constructs. Positive clones were confirmed by restriction mapping and DNA sequencing. Whole Cell Extracts Granulosa cells cultured overnight in serum-free medium were stimulated with FSH/T for 0, 2, 12, 24, or 48 h as indicated. At each timed endpoint, cells were washed, scraped in PBS, and collected by centrifugation at 4 C for 5 min at 1000 ϫ g. Cells were resuspended in whole cell extract buffer [10 mM Tris, 1 mM EDTA, 1 mM dithiothreitol (DTT), 400 mM KCl, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1 mM vanadate, 1 mM diethyldithiocarbamic acid, 0.1 mg/ml aprotinin, PIC I, and PIC II] and then lysed by repeated freeze/thaw cycles before centrifugation to isolate soluble protein (66) . Concentrations of soluble protein in each sample were determined by Bradford assay. EMSAs Whole cell extracts (1.5 g) were incubated for 30 min with 400 pg of probe (labeled with DNA polymerase (Klenow) and [␣-32 P]dCTP) in the presence of 100 mM KCl, 5 g poly(dI-dC), 15 mM Tris-HCl (pH 7.5), 5 mM DTT, 1 mM EDTA, 5 mM MgCl 2 , and 12% glycerol in a 20 l volume. Sgk competitors and probes were prepared by annealing complimentary oligonucleotides spanning Ϫ78/Ϫ35 5ЈAGGCCG-AGTGGCTTCCTGGTCCCGCCTGCCCCGCCCCCTGGAG-GCTC 3Ј, Ϫ78/Ϫ50 5ЈAGGCCGAGTGGCTTCCTGGTC-CCGCCTGCCCC 3Ј, Ϫ55/Ϫ35 5ЈAGGTGCCCCGCCCCCT-GGAGGCTC 3Ј, or Ϫ63/Ϫ43 wild type 5ЈTGTCCCGCCTGC-CCCGCCCCCTG 3Ј of the sgk promoter. The Ϫ63/43 mutant oligonucleotide contains a mutated G/C box 5Ј-TGTCCCGCCTGCCCCGAACCCTG-3Ј. Sp1 competitor DNA was prepared by digestion of the pGAGC6 plasmid with XhoI and XbaI to isolate a 60-bp fragment containing six Sp1 sites. Unlabeled competitor DNA or oligonucleotides (100-fold molar excess) were added where indicated. Sp1 and Sp3 antibodies (1 g) were preincubated with or without whole cell extract for 30 min at room temperature before addition of probe. In these experiments, the amount of poly(dI-dC) per reaction was reduced to 3.75 g. Recombinant human Sp1 protein was diluted 1:10 in 5 M ZnSO 4 , 50 mM KCl, 1 mM DTT, 12 mM HEPES (pH 7.0), 6 mM MgCl 2 , 0.05% NP-40, and 50% glycerol. Where indicated, diluted Sp1 (1 l) was incubated in the presence of other reaction components with 1 g BSA. Reactions were resolved by electrophoresis on 5% acrylamide, 0.5ϫ TBE, 2.5% glycerol gels before drying and autoradiography. Data Presentation Representative experiments for Northern, Western, in situ hybridization, and EMSAs are included as figures. Data from cAMP, CAT, and luciferase assays were normalized and shown as the mean Ϯ SEM. Each experiment was repeated at least three times.
